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Abstract Recent astrophysical observations have shown that some stars have sufficiently high
carbon-to-oxygen ratios and may host planets composed mainly of carbides instead of silicates and oxides.
From the low thermal expansion of SiC at 1 bar, it can be inferred that the buoyancy force of thermal
anomalies is much lower in the carbide planets than in the silicate planets. However, numerous studies
have shown that high pressure in planetary interiors can fundamentally change the physical properties of
materials. We have measured the pressure-volume-temperature relations of two SiC polymorphs (3C and
6H) at pressures and temperatures up to 80 GPa and 1900 K and 65 GPa and 1920 K, respectively, in the
laser-heated diamond anvil cell combined with synchrotron X-ray diffraction. We found no evidence of
dissociations of these phases up to our maximum pressure condition, supporting the stability of SiC to
1900 km depth in Earth-size Si-rich carbide planets. Following the Mie-Grüneisen approach, we fit our data
to the Birch-Murnaghan or the Vinet equations of state combined with the Debye approach. We found that
the pressure-induced change in the thermal expansion parameter of SiC is much smaller than that of Mg
silicate perovskite (bridgmanite). Our new measurements suggest that the thermal buoyancy force may be
stronger in the deep interiors of Si-rich carbide exoplanets than in the “Earth-like” silicate planets.

1. Introduction

Surveys have shown that some exoplanet hosting stars have unusually high carbon-to-oxygen ratios (well
above 1) [Bond et al., 2010; Petigura and Marcy, 2011; Hinkel et al., 2014, 2016]. The measurement of the C/O
ratio is however difficult, and some studies have raised questions regarding the abundance of those stars
[Fortney, 2012; Nissen, 2013; Jura and Young, 2014; Teske et al., 2014]. Such high carbon-to-oxygen ratios would
change the mineral phases precipitating from protoplanetary disks, i.e., carbides instead of silicates, resulting
in the formation of carbide planets [Larimer, 1975; Lodders, 2003; Bond et al., 2010; Madhusudhan et al., 2012;
Unterborn et al., 2014] that may contain graphite, CaS, Fe3C, SiC, and TiN [Larimer, 1975]. Silicon carbide (SiC)
may be the abundant phase in the deep interiors of such planets or at least it can be used as a proxy in explor-
ing the physical property differences between carbides and silicates [Larimer, 1975]. Because carbide-type
planets do not exist in our solar system, there are no direct observations for the geophysics and surface
tectonics of this potential class of planets. Therefore, alternative approaches, such as laboratory experi-
ments and geodynamic modeling, are particularly important for understanding the geophysics of the carbide
exoplanets.

From the studies of numerous mineral phases related to the Earth’s interior, geophysicists have learned that
high pressure has fundamental impacts on the materials properties. Among many important properties, the
density plays an important role in the convection in the deep planetary layers. Pressure-volume-temperature
(P-V-T) equations of state (EOS) of planetary materials in particular allow us to estimate the density at the
P-T conditions related to the interiors. In addition, depth-dependent (or pressure-dependent) changes in the
thermoelastic properties, which impact the thermal convection, can be derived from the P-V-T EOS [Jackson
and Rigden, 1996].

Although few studies have been conducted for measuring the EOS of SiC polymorphs [Bassett et al., 1993;
Zhuravlev et al., 2013], existing studies have focused on the compressibility at 300 K. The thermal parameter
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has been estimated through Raman spectroscopy [Zhuravlev et al., 2013]. However, it does not provide how
the density changes at high P-T directly. Here we report the P-V-T relations for two SiC polymorphs measured
by combining synchrotron X-ray diffraction (XRD) together with the laser-heated diamond-anvil cell (LHDAC)
technique.

2. Experimental Methods

We used pure synthetic SiC samples (Alfa, purity 99.8%) in two different crystal structures: a cubic 𝛽 phase
(hereafter 3C-SiC) and a hexagonal 𝛼 phase (hereafter 6H-SiC). The purity of the starting materials was exam-
ined using XRD and scanning electron microscope (SEM). We found no evidence for impurities and other poly-
morphs in the starting materials (Figure S1 in the supporting information). Powdered forms of the samples
were mixed separately with gold powder that was used as both an internal pressure standard [Fei et al., 2007;
Yokoo et al., 2009; Dorogokupets and Dewaele, 2007] and a laser coupler. The powder mixtures were cold
pressed into thin foils of approximately 60×60μm2 in size and 10μm in thickness. The thin foils were loaded in
a 100 and 260 μm diameter hole drilled in a rhenium gasket indented by diamond anvils with 200 and 400 μm
diameter culets, respectively. Three to four spacer particles of the sample material (<10 μm) were added on
each culet to separate the foil from the diamond anvils to allow the pressure medium to form layers between
the sample foil and the diamond anvils for thermal insulation and to prevent large thermal gradients during
laser heating. We loaded neon as a pressure transmitting medium using the gas-loading system at GSECARS
[Rivers et al., 2008] for 12 of the 13 synchrotron XRD runs we performed. For one of the runs that represents
4% of the room temperature data and 24% of the high-temperature data, we cryogenically loaded argon as
a pressure medium using the loading system at the high-pressure laboratory at Arizona State University. The
data obtained from the runs with neon and argon agreed well with each other.

Synchrotron XRD patterns were measured in situ at high P-T in double-sided LHDAC at the beamline 16-IDB of
the High Pressure Collaborative Access Team (HPCAT) sector at the Advanced Photon Source, at the beamline
12.2.2 at the Advanced Light Source (ALS), and at the 13-IDD beamline of the GeoSoilEnviroConsortium for
Advanced Radiation Sources (GSECARS) sector at the Advanced Photon Source. Monochromatic X-ray beams
(wavelengths of 0.3515, 0.4133, and 0.3344 Å at HPCAT, ALS, and GSECARS, respectively) were focused on the
sample, and we collected diffraction images on a MarCCD detector while compressing 3C-SiC and 6H-SiC up
to ∼75 and ∼65 GPa, respectively. Near-infrared laser beams were coaxially aligned with the X-ray beam and
focused on the samples for an in situ heating. We have heated the samples at 1600–2200 K after compression
to several different pressures. Temperatures are estimated by fitting the measured thermal radiation spectra
to the Plank equation for both sides of the samples in LHDAC.

We integrated the diffraction images to the 1-D diffraction patterns using DIOPTAS [Prescher and Prakapenka,
2015]. Distortions and the detector distance (∼200 mm) were calibrated and then corrected from the data
during the integration by using the CeO2 and LaB6 standards. We then fit the diffraction peaks with a
pseudo-Voigt profile function to obtain the peak positions. We determined the pressure from the measured
unit cell volume of gold combined with its EOS [Fei et al., 2007; Yokoo et al., 2009; Dorogokupets and Dewaele,
2007]. We used the obtained peak positions of SiC to refine the unit cell parameters using the UnitCell soft-
ware [Holland and Redfern, 1997]. Our pressure-volume-temperature data are provided in the supporting
information (Tables S1–S8).

3. Results and Discussions
3.1. High-Temperature Stability of SiC
It is of interest if SiC is stable or breaks down to Si and C at simultaneous high P and T relevant to the conditions
expected for planetary interiors. The pressure conditions can be calculated from the size and the mass of
planets. However, the temperature is much more difficult to estimate because it is highly dependent on the
formation processes, the evolutionary paths, and the ages of planets. If we assume that carbide planets would
have similar temperature structures as that of Earth, our temperature conditions are applicable for testing the
stability of SiC in the interiors of carbide exoplanets. It is also notable that for Earth-size planets, the density
is much more affected by the pressure than by the temperature [Jeanloz, 1989].

We did not find any changes in the diffraction patterns during and after the laser heating process up to 2200 K
for a duration of ∼14 min. We did not find any changes related to (1) the dissociation of SiC to Si and C and
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Figure 1. X-ray diffraction patterns of 3C-SiC and 6H-SiC at high pressures and temperatures. Au, gold as an internal
pressure standard and laser coupler; Re, rhenium gasket; Ne, neon as a pressure transmitting medium and thermal
insulator; W?, unknown single dot observed only in a few diffraction images of 6H-SiC (although the position coincides
with that of W, possibly from loading needle, because no other lines are observed, the assignment remains tentative).

(2) a phase transition in SiC at pressures between 1 and 80 GPa and temperatures between 1600 and 2200 K
(Figure 1).

We did not observe any sign of phase transition from 3C to 6H or from 6H to 3C. At very low pressure, we found
that 6H (lower-pressure, higher-temperature phase) may transform to 3C (higher-pressure, lower-temperature
phase), at 2.5 GPa and 2173 K with a positive Clapeyron slope, suggesting that 3C would be the stable form at
pressures higher than 6 GPa. However, the possible phase transition was identified only through appearance
of a few lines and no complete phase transition was observed in the XRD measurements.

During our in situ measurements on 3C as a starting material, we reached temperatures of ∼2200 K at several
pressure points. However, we did not observe new diffraction lines, suggesting that there is no transition from
3C to 6H within the P –T range we explored, being consistent with Sugiyama and Togaya [2001] in that 3C may
be stable at the P-T conditions. However, in our in situ measurements with 6H as a starting material, we did
not find any evidence of a phase transition from 6H to 3C.

Through first-principle calculations, Park et al. [1994] showed that the free energy differences among SiC poly-
morphs are very small. If the kinetic barrier for inducing the phase transition from 6H to 3C is large at high P,
it may be difficult to observe the phase transition. Sekine and Kobayashi [1997] conducted shockwave exper-
iments for 6H-SiC and did not find any evidence for the 6H-to-3C transition within the resolution of their
data other than a phase transition to rocksalt structure at 105 GPa. However, because the density difference
between 3C and 6H is very small and the shockwave techniques do not measure the structure directly, the
study does not rule out the possibility of a transition. Therefore, it remains uncertain which of 3C and 6H
is more stable at the P-T range that we explored due to the experimental difficulties. However, our results
support that Si remains to be fourfold coordinated in SiC within the explored P-T range.

3.2. Equation of State
Because gold is widely used as an internal pressure standard in high-pressure experiments, numerous efforts
have been made to improve its EOS. However, the existing studies have shown significant discrepancies in
the thermal pressure term of its EOS. We conducted EOS fittings for our data using a range of different EOSs of
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Figure 2. Results for the equation of state fit for 3C-SiC at 300 K using the gold scale by Dorogokupets and Dewaele
[2007]. (a) Pressure-volume relations (unit cell volume divided by the number of formula unit) and (b) fit residue in
pressure. An isotherm in Figure 2a is obtained from the fitting result. The error bars represent the 1𝜎 uncertainty
estimated from the measured uncertainties in volumes.

gold [Fei et al., 2007; Yokoo et al., 2009; Dorogokupets and Dewaele, 2007], and we present three representative
results here.

We follow the Mie-Grüneisen approach where the total pressure, Ptot(V, T), is expressed as a sum of the
pressure along a reference isotherm, Pst(V, T0) (normally 300 K), and the thermal pressure, ΔPth(V, T):

Ptot(V, T) = Pst

(
V, T0

)
+ ΔPth(V, T). (1)

For the reference isotherms of 3C and 6H, we fit the pressure-volume data at 300 K to either the Birch-
Murnaghan or the Vinet equation of state, depending on the equation used in the EOS of gold. For example,
for fittings with the EOSs of gold by Fei et al. [2007] and Yokoo et al. [2009], we used the third-order Birch-
Murnaghan equation [Birch, 1978]:

P =
3K0

2

[(
V0

V

)7∕3

−
(

V0

V

)5∕3
]{

1 − 𝜉

[(
V0

V

)2∕3

− 1

]}
, (2)

where 𝜉 = 3
4

(
4 − K ′

0

)
, K is the bulk modulus, K ′ is the pressure derivative of the bulk modulus, and subscript 0

represents the reference state (1 bar and 300 K for our case). For the fitting with the gold EOS by Dorogokupets
and Dewaele [2007], we used the Vinet equation [Vinet et al., 1987] (Figures 2 and 3):

P =
3K0(1 − x)

x2
exp[𝜂(1 − x)], (3)

where x = (V∕V0)1∕3 and 𝜂 = 3
2

(
K ′

0 − 1
)

. Because V0 can be measured directly at the reference conditions,
we fixed it to the experimentally measured values. All the EOS fittings in this study were conducted using the
MINPACK package [Moré et al., 1980].

Figure 3. Results for the equation of state fit for 6H-SiC at 300 K using the gold scale by Dorogokupets and Dewaele
[2007]. (a) Pressure-volume relations (unit cell volume divided by the number of formula unit) and (b) fit residue in
pressure. An isotherm in Figure 3a is obtained from the fitting result. The error bars represent the 1𝜎 uncertainty
estimated from the measured uncertainties in volumes.
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Table 1. Equation of State Fit Results for 3C- and 6H-SiC Using Three
Different Equations of State of Golda

Parameters Au EOS by F07, Y09, D07 References

3C-SiC

V0 82.804 ± 0.027 Å3 This workb,d

K0 241, 242, 243 ± 5 GPa This workc,d

K′
0 2.84, 2.85, 2.68 ± 0.21 This workc,d

𝛾0 1.06 Clayton [2010]d

q −1.25, 0.14, 0.67 ± 0.25 This work

𝜃0 1200 K Stockmeier et al. [2009]d

6H-SiC

V0 124.27 ± 0.01 Å3 This workb,d

K0 243, 244, 245 ± 5 GPa This workc,d

K′
0 2.79, 2.80, 2.59 ± 0.31 This workc,d

𝛾0 1.06 Clayton [2010]d

q −0.77, 0.74, 1.35 ± 0.27 This work

𝜃0 1200 K Karch et al. [1996]d

aF07: Fei et al. [2007], Y09: Yokoo et al. [2009], D07: Dorogokupets
and Dewaele [2007] .

bFixed during P –V EOS (300 K) fit.
cObtained from P –V EOS fit.
dFixed during P –V –T (high temperature) EOS fit.

As shown in Table 1, within the estimated
uncertainty, the bulk modulus (K0) and its
pressure derivative (K ′

0) are not different
between the 3C and the 6H phases of SiC.
We also include results from other types of
EOS analyses in Figures S2–S5 in the sup-
porting information.

Our fitting results for K0 are not sensitive to
the EOS of gold as shown in Table 1. For K ′

0,
the difference shown in Table 1 is mainly due
to the use of different equations for the 300
K isotherm, rather than the effects of differ-
ent gold EOS. Such differences have been
found in the studies of many different mate-
rials at high pressure [Fei et al., 2007].

Our K0 and K ′
0 values obtained using the

EOS of gold by Fei et al. [2007] are consis-
tent with those obtained by Zhuravlev et al.
[2013] for 3C through XRD where the same
pressure scale was used (Table 2). However,
our values are different from their Brillouin
spectroscopy measurements. Although Bril-
louin spectroscopy can directly measure K0

and K ′
0, fitting P-V data to the EOS suffers

from a negative correlation between K0 and
K ′

0 when they are both included in the fit-
ting [Bell et al., 1987]. Indeed, if we fix K0 to their Brillouin value, we obtain the same K ′

0 as theirs. However,
because the study by Zhuravlev et al. [2013] does not provide a complete thermal EOS, we decided to use the
fitting results constrained by the full thermal EOSs of gold [Fei et al., 2007; Yokoo et al., 2009; Dorogokupets
and Dewaele, 2007]. This choice does not impact our main conclusion because the difference between
Zhuravlev et al.’s [2013] Brillouin and our results is essentially because of the trade-off between the fit param-
eters, not because of the difference in compressional behavior itself. Our values are different from those
reported by earlier studies [Strössner et al., 1987; Bassett et al., 1993; Yoshida et al., 1993; Amulele et al.,
2004] (Table 2). Compared with these studies, we made improvements in reducing deviatoric stresses and
expanding the pressure range.

Table 2. Bulk Modulus and Pressure Derivative of Bulk Modulus of
3C- and 6H-SiCa

References K0 (GPa) K′
0 Technique

3C-SiC

Yoshida et al. [1993] 260(9) 2.9(1) XRD

Strössner et al. [1987] 248(9) 4.0(3) XRD

Zhuravlev et al. [2013] 240(9) 3.0(2) XRDc

Zhuravlev et al. [2013] 218(1) 3.75(4) Brillouinc

6H-SiC

Bassett et al. [1993] 230(4) 4b XRD

Amulele et al. [2004] 217(1) 4.19(9) Ultrasonic

Amulele et al. [2004] 218(5) 4.19(9) XRD
aFixed during fitting.
bBased on the Ne scale by Fei et al. [2007].
cDirect integration from Brillouin data.

We fit the volume data at high P-T through
the Mie-Grüneisen-Debye approach:

ΔPth(V, T) = 𝛾(V)
V

ΔEth[𝜃(V), T], (4)

where 𝜃 is the Debye temperature and 𝛾

is the Grüneisen parameter. The internal
energy change (ΔEth) can be calculated
from the Debye model:

Eth = 9nRT
z3 ∫

z

0

𝜉3

e𝜉 − 1
d𝜉, (5)

where R is the gas constant, z is 𝜃∕T , and
n is the number of atoms per formula unit.
For the volume-dependent changes, we
assumed

𝛾 = 𝛾0

(
V
V0

)q

(6)
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Figure 4. Results for the equation of state fit for 3C-SiC at high temperature using the gold scale by Dorogokupets and
Dewaele [2007]. (a) Pressure-volume relations (unit cell volume divided by the number of formula unit) and (b) fit residue
in pressure. The error bars represent the 1𝜎 uncertainty estimated from the measured uncertainties in volumes and
temperatures. Isotherms in Figure 4a are obtained from the fitting result. The symbols and the isotherms are color
coded to temperature.

where q is the logarithmic volume dependence of 𝛾 . Then the volume dependence of 𝜃 can be obtained from

𝜃 = 𝜃0 exp
(
𝛾0 − 𝛾

q

)
. (7)

We fit the data to either the Vinet–Debye (Figures 4 and 5) or Birch-Murnaghan-Debye EOS (Figures S6
and S7) depending on the used EOS of gold. In the fitting, we fixed V0, 𝛾0, and 𝜃0 to the values measured
at 1 bar. We also fixed K0 and K ′

0 to the values we obtained by fitting our P-V data at 300 K. We calculated
𝛾0 from the heat capacity, the thermal expansion parameter, the bulk modulus, and the density measured
at 1 bar using thermodynamic relations [Müller et al., 1998; Stockmeier et al., 2009; Clayton, 2010]. The used
thermodynamic Grüneisen parameter is in agreement with the Grüneisen parameter estimated from Raman
spectroscopy [Zhuravlev et al., 2013]. Therefore, the only parameter that was varied during the fitting was the
logarithmic volume dependence of the Grüneisen parameter, q. This parameter informs us essentially on the
pressure-dependent changes in the thermal pressure (𝛼KT ) and the thermal expansion parameter (𝛼).

We found that q is particularly sensitive to the choice of the EOS of gold (Table 1). Among the EOSs of gold we
tried, the largest q value was obtained when the EOS of gold by Dorogokupets and Dewaele [2007] was used.
The EOS of gold by Fei et al. [2007] yields negative q value, which is rare but not impossible [Kumari and Dass,
1986]. The EOSs by Yokoo et al. [2009] and Dorogokupets and Dewaele [2007] include the anharmonic effects
and electronic effects, while Fei et al. [2007] used a quasi-harmonic approximation without electronic effects.

Figure 5. Results for the equation of state fit for 6H-SiC at high temperature using the gold scale by Dorogokupets and
Dewaele [2007]. (a) Pressure-volume relations (unit cell volume divided by the number of formula unit) and (b) fit residue
in pressure. The error bars represent the 1𝜎 uncertainty estimated from the measured uncertainties in volumes and
temperatures. Isotherms in Figure 5a are obtained from the fitting result. The symbols and the isotherms are color
coded to temperature.
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Figure 6. The thermal expansion parameters of Mg silicate perovskite (bridgmanite; black solid and dashed curves),
3C-SiC (red curve), and 6H-SiC (magenta curve) at high pressure and 2500 K. The light red shaded area represents the
estimated 1𝜎 uncertainty. For bridgmanite, we present the thermal expansion parameter from Fiquet et al. [1998, 2000]
based on LHDAC and Shim and Duffy [2000] where multiples of data sets are inverted together [Ross and Hazen, 1989;
Wang et al., 1994; Utsumi et al., 1995; Funamori et al., 1996; Saxena et al., 1999; Fiquet et al., 1998]. Other recent results
such as Tange et al. [2012] lie within the range shown by the gray area. We present the thermal expansion parameter of
SiC obtained using the gold scale by Fei et al. [2007] in Figure 6a and by Dorogokupets and Dewaele [2007] in Figure 6b.

However, due to the lack of absolute pressure measurements for gold at a sufficient P-T range, it remains
uncertain which EOS of gold is more reliable.

In order to estimate the impact of the high-pressure behaviors of SiC on the thermal convection of planets,
we calculated the thermal expansion parameter (𝛼) as a function of pressure along with an isotherm (2500 K).
We present the two most extreme cases from our fitting results in Figure 6. The negative q obtained using the
gold EOS by Fei et al. [2007] results in no changes in the thermal expansion parameter of SiC with pressure.
In the case of the fitting result obtained from the gold EOS by Dorogokupets and Dewaele [2007], the high q
results in a decrease in the thermal expansion parameter of SiC with pressure.

We also compared it with the thermal expansion parameter of bridgmanite (MgSiO3) [Ross and Hazen, 1989;
Wang et al., 1994; Utsumi et al., 1995; Funamori et al., 1996; Fiquet et al., 1998; Saxena et al., 1999; Fiquet et al.,
2000; Shim and Duffy, 2000; Stixrude and Lithgow-Bertelloni, 2005; Tange et al., 2012], which is the most dom-
inant mineral phase in the Earth’s lower mantle, at the same P-T conditions. While the thermal expansion
parameter of bridgmanite is known to decrease strongly with pressure, according to our measurements, the
thermal expansion parameter of SiC does not decrease at all with pressure (for the case with the gold EOS by
Fei et al. [2007]) or decreases much more gently with pressure (for the case with the gold EOS by Dorogokupets
and Dewaele [2007]). Although the thermal expansion parameter of SiC is much smaller than bridgmanite at
lower pressures, it becomes similar or even greater than that of bridgmanite at higher pressures.

Because the buoyancy force is proportional to the thermal expansion parameter in the isochemical case, the
difference in the pressure-dependent changes of the thermal expansion parameter that we found implies that
a thermally driven mantle convection would be different in carbide exoplanets when compared with silicate
planets, like Earth. Although carbide planets would have much less thermal buoyancy force for temperature
anomalies than silicate planets at shallow depths, the no or smaller decrease in the thermal expansion param-
eter of SiC with depth would make the thermally driven flow more vigorous in the deep interiors of carbide
planets than in silicate planets.

4. Conclusions and Implications

Our high-pressure experiments show that a fourfold coordinated Si (3C or 6H) would remain stable up to
80 GPa and 2200 K in SiC without dissociation to Si and C. Both static and dynamic compression studies have
shown a phase transition to a rocksalt-type structure (B1, where Si is sixfold coordinated by C) from 6H- and
3C-SiC (where Si is fourfold coordinated by C) at ∼105 GPa [Yoshida et al., 1993; Sekine and Kobayashi, 1997].
Therefore, in an Earth-sized Si-rich carbide planet (with a similar Fe core size as shown in Figure 7), a fourfold
coordinated Si would be stable to ∼2300 km depth (R∕R⊕≃0.63). It is notable that a fourfold coordinated
Si disappears at a much shallower depth in the Earth’s interior (i.e., 660 km, R∕R⊕ = 0.89) [Ito and Takahashi,
1989; Shim et al., 2001].
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Figure 7. Possible internal structure and dynamics of (a) a carbide-type planet with low Mg/Si ratio (assumed Earth-size)
compared with those of (b) Earth. The arrows indicate the scale of thermal convection in the mantle.

Our high-pressure experiments indicate that the thermal expansion parameter of SiC, a likely stable phase
in the outermost 2300 km thick layer of an Earth-sized carbide planet, is much less sensitive to the pressure
(i.e., depth) compared with that of silicates (Figure 6). Although the lower thermal expansion parameter of SiC
at lower pressures would make the thermal buoyancy force lower at shallower depths compared with Earth,
the little to no decrease seen in the thermal expansion parameter of SiC with depth would make the thermal
buoyancy force a much more important factor to consider for the deep mantle convection in carbide planets.

As discussed before, a phase transition in SiC to a B1 structure would produce a discontinuity in the deep car-
bide mantle (Figure 7). Some phase transitions with an increase in the Si coordination number, for example,
the post-spinel and post-ilmenite transition at 660 km depth in the Earth’s interior, are known to have negative
phase boundary (Clapeyron) slopes [Navrotsky, 1980; Ito and Takahashi, 1989; Shim et al., 2001]. As shown by
numerous dynamic studies [e.g., Christensen and Yuen, 1985; Tackley et al., 1993], such negative phase bound-
ary slopes can stagnate thermal flows across the boundaries. Although there is no direct measurements on
SiC, materials with the same crystal structures as 3C- and 6H-SiC (such as ZnO and (Zn,Fe)S) have negative
slopes for the same type of phase transition [Kusaba et al., 1999; Seko et al., 2005; Jiang et al., 2007].

The permeability of such phase transitions with an increase in the coordination number for thermal mantle
flow is controlled by the magnitude of the slope, and the density increases at the phase transitions [Christensen
and Yuen, 1985; Tackley et al., 1993]. Although it is unknown for SiC, for example, (Zn,Fe)S has a slope as large
(in magnitude) as −12∼−16 MPa/K for the same type of phase transition. This is a factor of 5–10 greater
than the postspinel boundary which is believed to be responsible for the 660 km discontinuity in the Earth
[Irifune et al., 1998; Shim et al., 2001; Ye et al., 2014]. The 660 km discontinuity in the Earth appears to be a
partially permeable boundary for the mantle flow [Tackley et al., 1993; Van der Hilst et al., 1997]. While the
density increase at the 660 km depth in Earth is ∼5% [Shearer and Flanagan, 1999], it increases to as much
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as 15–20% for the phase transition to a B1 structure in SiC [Yoshida et al., 1993; Sekine and Kobayashi, 1997].
Therefore, the impact for the thermal mantle flow is expected to be much greater for the coordination number
change in Si from 4 to 6 in SiC in a carbide planet than in silicates in a silicate planet (e.g., Earth), suggesting a
little to a no thermal flow across the deep phase boundary in a carbide planet, i.e., layered convection. Such
limited flow has important implications for the geochemical cycle of volatiles (such as water and carbon) and
for the thermal evolution of the planet. As those factors likely affect the surface environment, combined with
different crustal compositions expected for carbide planets, the evolutionary path of the surface environment
of carbide planets would be significantly different from that of silicate planets, including Earth.

It is important to mention that there are also other important factors to consider in order to understand the
internal dynamics and structure of carbide planets. Vigor of mantle convection can be estimated from the
Rayleigh number (ratio of buoyancy to diffusion) [Wolstencroft et al., 2009], which can be defined as

RaH =
𝜌2g𝛼d5A

k𝜅𝜂
, (8)

where 𝜌 is the density, g is the gravitational acceleration, 𝛼 is the thermal expansion parameter, d is the
distance, A is the heat production per unit mass, k is the coefficient of thermal conductivity, 𝜅 is the thermal
diffusivity, and 𝜂 is the dynamic viscosity. For example, the Earth’s mantle has a value on the order of 109

[Wolstencroft et al., 2009]. The thermal conductivity of SiC (300–400 W/(m K)) [Li et al., 1998] is known to be
much greater than those of silicates (1–2 W/(m K)), which may make the conductive heat transfer a much
more important process in Si-rich carbide exoplanets than in silicate planets and reduces the Rayleigh number
significantly in the carbide planets. However, it is unknown how the thermal conductivity of SiC changes with
pressure. Although viscosity is an important parameter for internal dynamics of planets, the viscosity of SiC
at high pressure is not well known. The comparison of the thermal expansion parameter we made in this
study considers the effects of the pressure because the temperature effects tend to be smaller. However, it
is also important to mention that the thermal evolution and structure of the carbide exoplanets could be
very different from those of silicate planets. In addition, in our discussion above, we assumed that SiC is the
main constituent of some carbide planets, which would be the case for low Mg/Si ratio planets with high
C/O ratios. Because other elements should exist in the carbide planets, future experiments and computations
should explore the phase relations and physical properties of carbides in multicomponent systems, such as
the Mg-Si-Fe-C system.
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